The study of symbiotic systems is of considerable importance in our understanding of binary system stellar evolution in systems where mass loss or transfer takes place. Elemental abundances are of special significance since they can be used to track mass exchange. However, there are few symbiotic giants for which the abundances are fairly well determined. Here we present for the first time a detailed analysis of the chemical composition for the giants in the RW Hya and SY Mus systems. The analysis is based on high resolution (R ∼ 50000), high S/N, near-IR spectra. Spectrum synthesis employing standard LTE analysis and atmosphere models was used to obtain photospheric abundances of CNO and elements around the iron peak (Sc, Ti, Fe, and Ni). Our analysis reveals a significantly sub-solar metallicity, [Fe/H]∼-0.75, for the RW Hya giant confirming its membership in the Galactic halo population and a nearsolar metallicity for the SY Mus giant. The very low 12 C/ 13 C isotopic ratios, ∼6-10, derived for both objects indicate that the giants have experienced the first dredge-up.
INTRODUCTION
Binary systems are an invaluable source of knowledge of the physical parameters of the stars. During some stage of stellar evolution most binary stellar systems undergo interactions between the components. The interactions turn on and off at various evolutionary stages, depending on the separation of components. Among the most interesting examples of such systems are the symbiotic systems. These are still often called symbiotic stars because their binary nature which we now consider obvious was controversial only thirty years ago.
Symbiotic systems are long-period interacting binaries in which an evolved giant transfers material to a hot and luminous companion surrounded by an ionized nebula. The hot component of the vast majority of symbiotic systems is a white dwarf (WD) although in two cases, V2116 Oph (Davidsen et al. 1977 ) and V934 Her (Garcia et al. 1983 ), a neutron star has been found. There are two distinct classes of symbiotic binaries. The S-type (stellar) have normal red giants and orbital periods in the range ∼1-15 years. The D-type (dusty) have Mira primaries usually surrounded by a warm dust shell and orbital periods of typically decades to cen-⋆ E-mail: mikolaj@camk.edu.pl turies. Mass exchange is the property that defines the symbiotic class. Even in the D-type systems the components are still close enough to allow the WDs to accrete material from the giant's stellar wind. Symbiotic systems are the interacting binaries with the longest orbital periods. Their study is essential to understand the evolution and interaction of detached and semi-detached binary stars.
The rich and luminous circumstellar environment surrounding the interacting symbiotic stellar members results from the presence of both an evolved giant with a heavy mass loss and a hot companion copious in ionizing photons often producing its own wind. The cool giant and the hot dwarf produce strongly different environments such as ionized and neutral regions, dust forming region(s), accretion/excretion disks, interacting winds, bipolar outflows, and jets. Such a complex multi-component structure makes symbiotic stars a very attractive laboratory to study many aspects of stellar evolution in binary systems. Firming links between symbiotic systems and related objects are essential to the understanding, for instance, of the role of interacting binaries in the formation of stellar jets, planetary nebulae, novae, supersoft X-ray sources (SSXS), and supernovae type Ia (SN Ia). Many of these issues concerning the late stages of stellar evolution are presently poorly understood but have important implications on our understanding of the stellar c 2014 RAS Rutkowski et al. (2007) population and chemical evolution of galaxies as well as the extragalactic distance scale. Chemical composition is one of the major parameters along with initial mass that determine stellar evolution. Chemical composition has a strong influence on many important astrophysical processes. In the case of symbiotic stars it is generally believed that the symbiotic appearance and activity is triggered by high massloss rate of the giant (see e.g. Mikołajewska 2003 , and references therein) possibly due to its enhanced metallicity (Jorissen 2003) .
The apparent deficit of extrinsic C or S stars, i.e. cool components polluted by the s-process and C-rich material from the former TP-AGB companion, is among the most interesting problems raised by the S-type symbiotic binaries. There are other red giant -white dwarf binary star families with abundance peculiarities, for instance the barium stars and Tc-poor S stars. These families have orbital parameters similar to those of symbiotic systems but do not exhibit symbiotic activity. The hot component of most symbiotic systems is a white dwarf and, at least in some systems, the white dwarf mass is higher than 0.5 M ⊙ (Mikołajewska 2003) . White dwarfs of this type have gone through the TP-AGB phase. Moreover, the orbital periods of the S-symbiotic systems are generally less than ∼1000 days with circular orbits. Interaction of these systems is via Roche-lobe overflow. Jorissen (2003) suggested that either the former AGB star did not go through the TP-AGB or its high metallicity hindered the efficiency of the s-process and the mass transfer during the TP-AGB. The first possibility could apply to a small number of red symbiotic systems with low mass (M WD ∼0.4 M ⊙ ) companions such as AX Per and CI Cyg. However, in order to account for the absence of the barium syndrome in systems like AR Pav (M WD ∼1 M ⊙ ) or FN Sgr (M WD ∼0.7 M ⊙ ) the second possibility must be invoked.
There are contradictory arguments provided by the photospheric abundance analysis of symbiotic giants. In particular, the so-called yellow symbiotic systems, AG Dra, BD-21 3873, and He2-467, all contain K-type giants that are metal poor and s-process over abundant (Smith et al. 1996 (Smith et al. , 1997 Pereira et al. 1998) . These systems seem to belong to the Galactic halo and are probably low-metallicity relatives of Ba stars. On the other hand, HD 330036, AS 201, and StHA 190, members of another small subclass of symbiotic stars with G-type giants and warm dust shells (D'-type), have very high rotational velocities, solar metallicities, and are also s-process over abundant (Smith et al. 2001 , Pereira et al. 2005 .
The vast majority of symbiotic systems, however, seem to contain normal M-type giants with very little known about their abundances and no published information about the presence of any sprocess enrichments (Schmidt et al. 2006 , and references therein). Thus far most information about the red giant nature and chemistry is derived either from the abundance studies based on nebular emission lines (Nussbaumer et al. 1988) or (mostly) TiO molecular absorption bands (Mürset & Schmid 1999) . In addition, analy- Kenyon & Mikołajewska (1995) or Schild et al. (1996) and for SY Mus from orbital ephemerides of Dumm et al. (1998) sis of the first-overtone CO absorption features in K-band spectra of a dozen symbiotic systems indicate sub-solar carbon abundances and 12 C/ 13 C ∼ 3 to 30 (Schild et al. 1992 , Schmidt & Mikołajewska 2003 , Schmidt et al. 2006 ). All these have indicated that the surveyed symbiotic giants are indistinguishable from local M giants in agreement with abundance studies based on nebular emission lines.
Despite the significant role that knowledge of chemical composition has to play in improving our understanding of the symbiotic systems, there are few cases in which abundances are fairly well determined. Analysis of photospheric chemical abundances has been performed only for a few bright systems: CH Cyg -the brightest symbiotic system (Schmidt et al. 2006) , V2116 Oph -the symbiotic system with a neutron star (Hinkle et al. 2006) , and the symbiotic recurrent novae T CrB and RS Oph (Wallerstein et al. 2008) . In all these cases a solar or nearly solar metallicity was found with Li enhancements in RS Oph and T CrB the only peculiarity. For CH Cyg Schmidt et al. (2006) found that the isotopic ratios of 12 C/ 13 C and 16 O/ 17 O are close to the mean values for single M giants that have experienced the first dredge-up. The relatively high metallicity of CH Cyg accounts for the absence of chemical peculiarities similar to those seen in Ba stars. The analysis of Schmidt et al. (2006) has also revealed significant differences between the C/N and O/N ratios derived from nebular emission lines versus those from photospheric absorption lines. This indicates that an analysis based on emission lines can, for some circumstances, seriously overestimate the N abundance. A direct high resolution spectroscopic determination of the photospheric chemical abundances of red symbiotic giants is needed to settle this issue and to explore the abundances of more members of the symbiotic family.
We have undertaken an extensive research program to perform detailed chemical composition analysis of a sample of over 30 symbiotic systems. The analysis is based on near-IR spectra observed at high-resolution (R ∼ 50000) and high S/N (∼100) during the years 2003-2006 with the Phoenix spectrometer on the Gemini South telescope. The spectral regions observed are located in the H and K photometric bands. Spectrum synthesis employing standard LTE analysis and current model atmospheres was used to determine abundances of CNO and elements around the iron peak (Sc, Ti, Fe, and Ni) in the stellar photospheres. We expect our study to provide clues to resolve the metallicity problem in symbiotic systems as well as important information for understanding the history of these systems.
In this paper we present the first analysis of the photospheric chemical abundances (CNO and elements around iron peak: Sc, Ti, (Rutkowski et al. 2007 ). These two systems have tidally distorted giants similar to those in the classical Z And-type symbiotic systems but unlike these systems they do not show outburst activity.
OBSERVATIONS AND DATA REDUCTION
Spectra of RW Hya and SY Mus were observed at high-resolution (R = λ/∆λ ∼ 50000) and high S/N ratio ( 100) in the near-IR using the Phoenix cryogenic echelle spectrometer on 8 m Gemini South telescope. For both objects one spectrum was observed at 1.56 µm (H-band) during February 2003, two spectra at 2.23 µm (K-band) during April and December 2003, and one spectrum at 2.36 µm (K r -band) during April 2006. All the spectra cover a narrow spectral range of ∼100Å. The spectra were extracted and wavelength calibrated using standard reduction techniques (Joyce 1992) and all were heliocentric corrected. In all cases telluric lines were either not present in the interval observed or were removed by reference to a hot standard star. For all spectra the Gaussian instrumental profile is about of 6 km s −1 FWHM, corresponding to instrumental profile widths of 0.31 Å , 0.44 Å and 0.47 Å for the H-band, Kband, and K r -band spectra, respectively. The journal of our spectroscopic observations is given in Table 2 and the spectra of RW Hya and SY Mus are shown in Figures 1-3 and 4-6, respectively. 
ANALYSIS AND RESULTS
The observed H-band region is dominated by strong molecular lines from the CO second overtone, OH first overtone, and relatively weak CN red systems lines. It also contains numerous atomic absorption lines mainly from Fe i with a few Ti i and Ni i lines. The K-band region is dominated by atomic Ti i, Fe i, and Sc i lines.
There are also numerous weak CN molecular lines. Ca i and Ba i atomic lines are also present but too weak to be useful in chemical abundance analysis. K r -band region has strong first overtone CO molecular absorption lines coming from transitions quite far from the band head. This results in slight problems in reliably setting the continuum. While dominated by lines from 12 CO the presence of lines from the 13 CO isotopologue (mainly from the 2-0 transition) make this spectrum useful for evaluating the 12 C/ 13 C isotopic ratio. There are also three atomic lines, two from Fe i and one from Sc i.
The analysis was performed by fitting synthetic spectra to the observed spectra using a similar method to that used by Schmidt et al. (2006) in evaluating the CH Cyg abundances. The calculations of synthetic spectra over the entire observed spectral region were performed using the code WIDMO developed by M.R. Schmidt (Schmidt et al. 2006) . To perform the χ 2 minimization a special overlay was performed on the code WIDMO with use of the simplex algorithm. This procedure used the method described in Brandt (1998) and the flowchart of Kallrath & Milone (1999) . To evaluate quantitatively the fit quality, the residuals were calculated during each iteration, by differencing the synthesized and observed spectra at each point in the used spectral range. The simplex algorithm searched for the minimum of the standard deviation of the residuals to find an optimal fit.
For elemental abundance determination stellar effective temperature (T eff ) and surface gravity (log g) are required as input parameters. In addition information about micro-and macro-turbulences, line identifications with values of quantities that characterize the transitions and the models of the atmospheres are needed. MARCS model atmospheres developped by Gustafsson et al. (2008) were used in our calculations. The input effective temperatures (T eff ) were estimated from the known spectral types, M2 and M5 (Belczyński et al. 2000 , and references therein), adopting the calibration by Richichi et al. (1999) . The resulting values are T eff = 3655 ± 80 K for RW Hya and T eff = 3355 ± 75 K for SY Mus. A (J − K) color of 1.15 and 1.40 (Rutkowski et al. 2007 ) and color excesses E(B − V) = 0.02-0.10 and 0.4-0.5 results in intrinsic colors of (J − K) 0 ∼1.1 and ∼1.2 for RW Hya and SY Mus. Using the Kucinskas et al. (2005) T eff -log g-color relation for late-type giants we can estimate the effective temperatures as 3600-3700 K and 3500 K, respectively, in good agreement with the above values. The surface gravities from this relation are log g ≈ 0.5 in both cases, in agreement with the values derived from the published red giant parameters (Table 1) , log g ≈ 0.5 and log g ≈ 0.3 for RW Hya and SY Mus, respectively. As a result the model atmospheres used had log g = 0. Fekel et al. 2003) . The atomic data were taken from the VALD database (Kupka et al. 1999) in the case of K-and K r -bands and from the list given by Mélendez & Barbuy (1999) in the H-band. The vacuum wavelengths, excitation potentials, and g f -values for the vibrationrotation lines of CO isotopes are adopted from . The lists of 12 CN, and OH molecular lines were adopted from the database of Kurucz (1999) . The complete list of the lines identified and selected for our abundance analysis, with the excitation potentials (EP) and g f -values for transitions, is shown in TablesA1 and A2 in the Appendix.
To fit synthetic spectra to observed spectra it is necessary to find, in addition to the parameters of chemical composition (C, N, O, Sc, Ti, Fe, Ni in this case), values for a number of velocities. These include the microturbulent velocity, ξ t , the radial velocity, V rad , and the rotational velocity, V rot sin i. The adopted strategy relies on handling the three spectral regions in the H-and K-band ranges as if they were a single spectrum to obtain a solution for the chemical composition. The chemical composition should not depend on the orbital phase. One set of the abundance parameters and microturbulent velocity will apply to all spectra of a given object. On the other hand, the radial velocities V rad depend on the orbital phase and the rotational velocities V rot sin i can also depend on tidal forces in the outer regions of the giant.
To obtain radial and rotational velocities we used a crosscorrelation technique similar to that of Carlberg et al. (2011) . The method enables the evaluation of rotational velocities in spectra rich with lines where unblended lines are rare, as is the case of our H-and K r -band spectra. For templates we used synthetic spectra generated from the line list of Appendix A (TablesA1 and A2) broadened only by the instrumental profile. We measured the FWHM of the cross-correlation peak, µ ⋆ , for each observed spectrum and the FWHM of auto-correlation peak, µ t , for each appropriate template using IRAF's f xcor task. The widths of spectral lines attributable to stellar processes were obtained by subtraction of the contributions from the template and instrumental pro-
0.5 . Next the quantity ω ⋆ was converted to a so called total stellar broadening (β Gray ) using a second order polynomial applicable to FWHM measurements made at any wavelength in velocity units (eq. 1 in Carlberg et al. 2011) : ω ⋆ (kms −1 ) = 1.89582 + 1.16526β Gray + 0.0065β Our K-band spectra contain a few relatively strong atomic lines that are not blended. These lines enable a direct measurement of the FWHMs of the stellar line profiles. Fekel et al. (2003) used three Ti i, two Fe i, and one Sc i line to measure rotational velocities in a dozen symbiotic systems. We used the same lines to measure rotational velocities in RW Hya and SY Mus based on the total stellar broadening β Gray for each spectrum separately and for 12 lines from both spectra simultaneously. To measure FWHMs the IRAFs splot tool have been used. The results are shown in Table 4 . The values are in agreement within the uncertainties with those obtained via another method (see Tables 3 and 7) .
To perform solutions using the simplex algorithm n + 1, n dimensional sets of free parameters must be prepared that form a grid in parameter space called simplex (see e.g. Kallrath & Milone 1999; Brandt 1998) . We have 7 free parameters for abundances. Two additional free parameters are the projected rotational velocity (V rot sin i) and microturbulence (ξ t ). The quadrature sum of these quantities is treated as a constant adopted from the previously ob- tained value (see Table 4 ). To estimate the input abundance parameters the adopted procedure was as follows. As a first approximation solar composition (Asplund et al. 2009 ) was adopted and the oxygen abundance was found by fitting (by eye) the OH lines in the H-band spectrum. The carbon abundance was adjusted next to find the best fit to the CO lines. Following this the nitrogen abundance was adjusted by fitting the CN lines in H-and K-band spectra. The last step was to fit the atomic lines. The procedure was repeated for several iterations. In this way the initial values of the free parameters were found around which the simplexes were build.
Nine different initial simplexes were used in both the RW Hya and SY Mus cases with each repeated with different values of the microturbulent velocity ξ t . Although the microturbulent velocity is a free parameter in our solution it is not an element of the simplex. Rather the best value was searched for in the 1.2-2.6 km s −1 range with use of golden ratio method. After we found the sets of parameters that give the best fit to H-and K-band spectra we applied the derived chemical abundances to the K r spectrum as a fixed parameter and we searched for the 12 C/ 13 C ratio with the rotational velocity as an additional free parameter. After obtaining the optimal fit we made a reconciliation of 12 C abundance and 12 C/ 13 C isotopic ratio within 3 iterations. The final abundances for CNO elements and atomic lines (Sc i, Ti i, Fe i, Ni i) in the scale of log ǫ(X) = log N(X)N(H) −1 + 12.0, the isotopic ratios 12 C/ 13 C, mi- croturbulences and projected rotational velocities are summarized in Table 5 together with the formal uncertainties. Our final synthetic spectra fitted to the observed ones are show in Figures 1-6 . Additionally, we obtained independent solutions for each spectrum for the case when all radial and rotational velocities are treated as a free parameters. The resulting abundances are shown in Table6 and the velocity parameters are shown in Table 7 , and the final synthetic spectra fitted to the observed ones are presented in Figures 7-10 .
We also made additional fits with MARCS atmosphere models varying the effective temperatures by ±100 K, and log g and the microturbulence, ξ t , by ±0.5, and in, the case of RW Hya, also the metallicity [Fe/H] by +0.25 to estimate the sensitivity of abundances to uncertainties in stellar parameters: T eff , log g, ξ t , for each species. The changes in the abundance for each element as a function of each stellar parameter are listed in Tables 8. Uncertainties in the stellar parameters have the strongest impact on the accuracy of the obtained chemical composition.
The abundance of scandium is based only on one strong Sc i line at λ ∼ 22272.8Å and it may be less reliable than other abundances. There are two another scandium Sc i lines present in Kband spectrum at λ ∼ 22213.2Å and λ ∼ 22208.7Å (see Appendix TableA1). However they show quite different behaviour and when used they indicate an abundance lower by ∼1 dex. We suspect, the atomic data published for these transitions are not reliable. The use of other published data for these transitions (eg. Pehlivan (2012) or Wiese & Fuhr (1975) ) leads to almost identical results. Broadening of the infrared Sc i lines by hyperfine structure (Aboussaid et al. 2006) has not been included in the analysis.
DISCUSSION
To fit the synthetic spectra it is necessary to take into account the stellar motions (both the radial and rotational velocities) and also velocity fields below the stellar photosphere (turbulences). In section 3 we obtained the rotational and radial velocities via various methods (compare Tables 3, 4 , and 7) as well as microturbulences (Tables 5 and 7 ). The microturbulent velocities ξ t obtained in our solutions are self-consistent and are consistent with those obtained for Galactic M-type Giants by (Smith & Lambert 1990 , 1990 ) and for LMC red giants by Smith et al. (2002) .
The radial velocities we measured by cross-correlation and fitting synthetic spectra are perfectly compatible. The values obtained for RW Hya are in accord with synthetic radial velocities predicted from the orbit of Kenyon & Mikołajewska (1995) with an accuracy generally better than 1 km s −1 . One spectrum observed on Feb 2003 is in poorer agreement, ∼2 km s −1 . The radial velocities for SY Mus agree with synthetic velocities from the orbit of Dumm et al. (1998) with accuracy of ∼ 1-2 km s −1 . The exception here is for a spectrum observed on Feb 2003 where the difference is large, ∼5 km s −1 . In these stars the rotational velocities, V rot sin i, give the largest contribution to the physical line broadening. In the case of spectra with relatively strong atomic lines and weak molecular lines, like those in K-band region, the rotational velocity obtained by 12 C/ 13 C isotopic ratio and 12 C/ 13 C isotopic ratio (Table 5 ). Molecular ( 12 CO, 13 CO) and atomic (Sc i, Fe i) lines are identified by ticks. cross-correlation, by fitting synthetic spectra, and from FWHM of strong unblended lines give perfectly consistent results. However, velocities obtained for spectra with strong molecular lines (strongly blended) are considerably different depending on the method used and appear to be significantly underestimated by the cross-correlation method.
Our results obtained from the spectra taken at different, random orbital phases, differ slightly. The origin of these differences is not clear. On the one hand, if these stars were significantly tidally distorted, the projected rotational velocities might vary with orbital phase. On the other hand this could be due to strong blending of the lines in some spectra (discussed above) or maybe to the use of an uncertain value for the instrumental profile. However, in general these differences are only slightly higher than the limits set by the uncertainties. The only exception is somewhat higher rotational velocity derived for RW Hya from spectrum obtained in Apr 2006 than those resulting from the 2003 data. Fekel et al. (2003) estimated V rot sin i = 5 ± 1 km s −1 for RW Hya, measured in the Kband region, which is somewhat lower than our values.
Our (Table 6 ). This is the case where all radial and rotational parameters were allowed to be free parameters for the solution. Molecular (OH, CO, CN) and atomic (Ti i, Fe i, Ni i) lines used in the solution of the chemical composition are identified by ticks. (Table 6 ). This is the case where all radial and rotational were allowed to be free parameters for the solution. Molecular (CN) and atomic (Sc i, Ti i, Fe i) lines used in the solution of the chemical composition are identified by ticks. (Table 6 ). This is the case where all radial and rotational parameters were allowed to be free parameters for the solution. Molecular (OH, CO, CN) and atomic (Ti i, Fe i, Ni i) lines used in the solution of the chemical composition are identified by ticks. (Table 6 ). This is the case where all radial and rotational parameters were allowed to be free parameters for the solution. sus [Fe/H] for RW Hya locate it among the thick disk/halo giants whereas those of SY Mus, and CH Cyg are typical for thin disk objects. These results are consistent with the location of these objects in the Milky Way, as well as their systemic velocities and proper motions. In particular, RW Hya has a relatively high galactic latitude, b = 36.5
• , and appreciable proper motion, µ α cos δ = −18.6 ± 1.6 mas and µ δ = 14.1 ± 1.6 mas (Hog et al. 2003) . Its significant proper motion has been known for a long time which led Tifft & Greenstein (1958) to suggestion that RW Hya is a halo object. The sub-solar metallicity derived for RW Hya is quite remarkable as it may host a relatively massive, ∼0.8 M ⊙ , white dwarf (Otulakowska-Hypka et al. 2013 ) and the present giant could be polluted by s-process elements from the former TP-AGB companion. Unfortunately, our infrared spectra do not cover any s-process element lines.
According to the predictions of the stellar evolution models the abundance of the 13 C isotope in the photospheres of low mass stars should increase due to extensive mixing processes during the ascent of the red giant branch (RGB). The very low 12 C/ 13 C iso- topic ratios obtained for RW Hya and SY Mus (Tables 5 and 6 ) indicate that their giants have experienced first dredge-up when they were enriched in the 13 C isotope and that they belong to a population with medium or low metallicity (see Keller et al. 2001) . Cunha & Smith (2006) Fig. 4 ). The location of RW Hya, and SY Mus overlap with the bulge red giants in the 14 N-rich region whereas CH Cyg remains near the solar line. The conclusion from of this plot is that the CN mixing has been more extensive in RW Hya and SY Mus than in CH Cyg. This is also reflected in the lower isotopic ratios, 12 C/ 13 C=6 and 8, in the former two objects as compared with 12 C/ 13 C=18 in CH Cyg (Schmidt et al. 2006) .
CONCLUSIONS
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